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REDUCING NOISE IN A FIBER AMPLIFIER
USING A CLEANING OPTICAL SIGNAL

FIELD OF THE INVENTION

The present invention relates to reducing noise 1n fiber
amplifier devices.

BACKGROUND OF THE INVENTION

An Erbium Doped Fiber Amplifier (EDFA) 1s a fiber-
based laser amplifier. The fiber 1s doped with Erbium ions
(Er+), which have upper energy lifetimes on the order of 10
ms, for example. This, 1n addition to the wavelength of
operation being pronounced from 1330 nm to 1570 nm,
makes an EDFA 1deally suited for long-haul fiber optic
systems. The use of EDFAs has historically been applied
most extensively to creating a strong transmitted signal, but
it has also been used as a pre-amplifier for low signal level
receivers. Their use as a low signal level pre-amplifier for
optical communications has been limited by the noise figure
of an EDFA. Due to the “on-ofl” nature of the optical signal
level during optical communications, there are times when
there 1s not (and should not be) any significant signal 1n the
fiber. During these times, even though they may be
extremely short duration, the Erbium 1ons remain in an
excited state and are free to spontaneously emit at any time.
Although there 1s high probability that a spontaneous emis-
sion will not occur during such a short period of time, any
photon that 1s spontancously emitted 1s amplified by the
fiber, leading to significant noise.

A technique 1s needed to reduce the noise associated with
spontaneous emissions 1n a fiber amplifier device.

SUMMARY OF THE INVENTION

Brietly, a fiber amplifier system and method are provided
for reducing noise produced by a fiber amplifier by com-
bining an optical signal to be amplified with a continuous
wave optical signal that stimulates 1ons 1n the fiber amplifier
to reduce photons produced by spontaneous emission when
a level of the optical signal of interest 1s very low or zero.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a block diagram of a fiber amplifier system
according to an embodiment of the invention.

FIG. 2 1s a flow chart depicting a method for reducing
noise 1n a fiber amplifier according to an embodiment of the
invention.

FIG. 3 shows plots of an exemplary optical signal of
interest and an exemplary continuous wave optical signal to
depict operation of the system and method according to
embodiments of the invention.

FIG. 4 1s a block diagram showing an exemplary use of
the fiber amplifier noise reduction techmiques 1 a pre-
amplifier ol a free space optical communication system,
according to an embodiment of the invention.

DETAILED DESCRIPTION

Referrning first to FIG. 1, a block diagram 1s shown of a
fiber amplifier system 10 according to an embodiment of the
invention. The fiber amplifier system 10 comprises a fiber
amplifier 20, a wavelength division multiplexer (WDM) 30,
a wavelength division de-multiplexer 40 and a continuous
wave light source 50. The output of the WDM 30 1s coupled

5

10

15

20

25

30

35

40

45

50

55

60

65

2

to one end of an optical fiber 60. The other end of the optical
fiber 60 1s coupled to an mput of the fiber amplifier 20.
Optical fiber 60 on the output side of the fiber amplifier 20
1s connected to the wavelength division de-multiplexer 40.
The fiber amplifier 20 may be an Erbium Doped Fiber
Amplifier (EDFA), or Ytterbium-doped, Neodymium-
doped, or any other doped fiber amplifier that suflfers from
noise due to the probability of spontaneous emission. The
continuous wave light source 50 generates a continuous
wave optical signal 52 that 1s coupled to the WDM 30. An
optical signal of interest 100 (to be amplified by the fiber
amplifier 20) 1s also coupled to the WDM 30. The continu-
ous wave light source 50 may be a laser or light emitting
diode (LED), for example.

Fiber amplifiers, such as EDFAs, have become an
cnabling technology for infrared laser applications that
require power levels 1 excess of 20 mW. Most of their use
has been limited to high power applications. These fiber
amplifiers can also be applied to lower level signals but they
have seen limited use due to 1ssues with noise. If the signal
to be amplified has a loss of signal, even for a brief period
of time, the output of the system can become noisy. This 1s
especially true for applications imnvolving optical communi-
cations, where there are flashes of light representing data
separated by brief periods of no light which also represents
data. The noise 1n the fiber amplifier will corrupt the data.
Additionally, there has been considerable interest in the
ability to operate an fiber amplifier using multi-mode optical
fibers. Traditionally, single-mode fibers are used. With a
multi-mode fiber, a laser signal will not “fill” the core of the
fiber, and the dark regions of the core will leave the EDFA
in a state that no longer provides stimulated emission.
Instead, the emission becomes spontancous and therefore
noisy.

According to an embodiment of the invention, the con-
tinuous wave light source 50 generates the continuous wave
(CW) optical signal 52 that serves to “clean up” the carriers
that are likely to otherwise spontaneously emit. The CW
optical signal 52 1s within the amplification band of the fiber
amplifier 20, but outside of the bandwidth of the optical
signal of interest 100. The output of the fiber amplifier
system 10 1s the amplified optical signal of interest 110
which may be coupled to a detector or mstrument 80 that
conducts further processing of the amplified optical signal of
interest 110.

With reference to FIG. 2 in conjunction with FIG. 1, a
method 200 of reducing noise produced by the fiber ampli-
fier 20 1n the fiber amplifier system 10 1s described. The
optical signal of interest (OSI) 100 that 1s to be amplified by
the fiber amplifier 20 1s coupled to the WDM 30. At 210, the
continuous wave light source 50 generates the CW optical
signal 52 which 1s also supplied to the WDM 30. Again, the
CW optical signal 52 1s outside the band of the OSI 100, but
within the amplification band of the fiber amplifier 20. For
example and not by way of limitation, the OSI 100 1s an
optical signal centered at 1545 nm and the CW optical signal
produced by a laser or LED 1s a CW optical signal at 1535
nm. At 220, the WDM 30 combines the OSI 100 and the CW
optical signal 52 and the combined signals are couple over
the optical fiber 60 to the fiber amplifier 20 at 230. As the
CW optical signal 52 travels down the optical fiber 60, 1t
stimulates the emission of other photons of equivalent
energy. This creates a condition 1n which the optical energy
in the optical fiber 60 amplified by the fiber amplifier 20
always has a signal. The signal traveling in the optical fiber
that 1s mntended to be amplified, 1.e., the OSI 100, will still
be amplified, but it will be amplified according to the ratio
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of 1ts own power level or intensity and the power level or
intensity of the CW optical signal 52. At 240, the wavelength
division de-multiplexer 40 de-multiplexes the amplified OSI
110 from the amplified CW optical signal 54 using conven-
tional WDM de-multiplexing techniques. At 250, the ampli-
fied OSI 110 may then be coupled to an optical detector or
instrument 80 depending on the particular application or use
tor the amplified OSI 110. The amplified CW signal 34 may
be discarded. Alternatively, the amplified CW signal 54 may
be used for performing functions such as power monitoring,
of the OSI, controlling the gain of the fiber amplifier, 20 or
other functions.

Whenever the level of the OSI 100 1s very low or zero
(e.g., 1t 1s 1n an “ofl” state), the CW optical signal 52 will
stimulate the 10ons 1n the fiber amplifier 20, thereby assuring
that (essentially) all 1on emissions remain stimulated, thus
keeping the noise associated with such spontaneous photon
emissions very low. In other words, the method 200 assures
that as many photons as possible that are released from the
ions are released by stimulation and not by spontaneous
€miss1on.

It 1s well known that all lasers exhibit spontaneous
emission. In fact, any laser amplifier will increase the
signal-to-noise ratio (SNR) of the signal being amplified.
This increase 1 SNR 1s commonly expressed as a ratio of
the input SNR divided by the output SNR, and 1s called the
noise figure. The minimum theoretical noise figure ratio 1s a
tactor of 2 (3 dB). In practice, this factor 1s higher, with
many commercial amplifiers having a noise figure of about
6 dB. This value assumes an mput signal 1s present. In the
absence of an nput signal, an EDFA will produce noise
alone creating a SNR of zero. For optical communications,
this noise will be measured by the recerver and a data bit slot
that should nominally have no signal could have substantial
signal, and thereby produce an error. In this case, the signal
level 1s essentially zero but the noise level 1s measurable.
The benefit that 1s realized by the use of the additional CW
light source 1s a reduction 1n the probability of spontaneous
emission 1n the absence of an optical signal of interest.

Reference 1s now made to FIG. 3. FIG. 3 shows a plot of
the signal intensity of an exemplary CW optical signal 52
and an exemplary OSI 100 before the fiber amplifier 20 and

the amplified CW optical signal 54 and the amplified OSI
110 after the fiber amplifier 20. The CW optical signal 52
and OSI 100 are shown before the time marked 24. The
output of the fiber amplifier 1s on the right side of time mark
25, showing the combined signal strength of the amplified
OSI 110 and the amplified CW signal 54. Noteworthy 1s that
the signal intensity of the amplified OSI 110 1s substantially
increased such that the SNR 1s significantly improved.

Historically, it has been diflicult to manufacture a low-
noise fiber amplifier (pre-amplifier) that operates on multi-
mode light. The problem that arises 1s noise due to modal
dispersion. In a multi-mode fiber, the core of the fiber 1s
never fully illuminated by a single laser. Rather, there are
regions that are dark and regions that are bright. The regions
that are bright will stimulate emission and be amplified, but
the dark regions will not and only spontaneous emission will
occur. To alleviate this problem, the CW light source 50 may
be a broad-band continuous wave optical source that pro-
duces mcoherent light as the CW optical signal. Such a CW
light source will generate a CW optical signal that fills the
fiber core with energy everywhere, and assures maximum
probability of stimulated emission.

In the case of a signal 1n a multi-mode fiber, the core 1s
much larger, and a laser signal will nominally be confined to
various regions of the core, but will not be unmiformly spread
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out over the full area of the fiber core. This non-uniform
intensity distribution 1s commonly referred to as speckle,
and 1s characterized by dark regions and bright regions
within the fiber core. The locations of the dark and bright
regions are complimentary to one another and are constantly
changing in time, possibly at frequencies in tens of Hertz.
The distribution of intensities over the fiber core presents
significant design challenges for a traditional fiber amplifier,
such as an EDFA. On the one hand, there are very bright
regions, and if the EDFA gain 1s designed for the bright
regions there will be an adequate population for upper
energy states for the bright reglons but the dark reglons of
the fiber would exhibit excessive spontaneous emission. If
the EDFA 1s designed for the dimmer regions, the number of
upper energy states 1s not sutlicient for the bright regions and
these regions would then be attenuated thereby reducing the
cllective 1nput signal to noise ratio and consequently
increasing the output noise level. The problem that domi-
nates this 1ssue 1s the relative intensity between the brightest
of the bright regions and the dimmest of the dim regions. In
practice, this ratio can be many orders of magnitude.

By providing a separate CW optical signal in the multi-
mode optical fiber (1.e., optical fiber 60 shown 1n FIG. 1) that
fills the entire fiber core essentially uniformly, the average
intensity of the OSI can have a much lower intensity than the
CW optical signal. Therelore, the brightest regions of the
fiber are not orders of magnitude brighter than the dim
regions. The ratio 1n this case may be a number that 1s only
between 1 and 2, making the trade-oil between excessive
upper energy states (which may produce excessive sponta-
neous emission) and a reduced number of upper energy
states (which may produce excessive signal attenuation), a
much easier trade-ofl to work with. With the CW optical
signal active 1n the optical fiber, there 1s a preponderance of
states that will emit coherently with the CW optical signal 11
the OSI 1s not present. Yet, the gain 1s largely unaltered. In
the case of a gain-flattened fiber amplifier, such as an EDFA,
the amplifier will increase the signal level of both signals
(CW optical signal and the OSI) by the same ratio. For
example, 11 the OSI needs 30 dB of gain, the fiber amplifier
can be designed so as to be optimized for the CW optical
signal to provide 30 dB of gain. When the CW optical signal
1s combined with the OSI prior to amplification, 1t will also
experience nearly 30 dB of gain since its signal level 1s
smaller than that of the CW signal.

Due to the need for an added CW optical signal and since
the CW optical signal has a higher intensity than the signal
ol interest, the gain of the CW signal will require propor-
tionately more power mput to generate the needed gain for
the OSI. However, there are applications for the techniques
according to embodiments of the present invention are
usetul.

Retference 1s now made to FIG. 4 which illustrates a
Free-Space Optical Communication (FSOC) system 300.
The system 300 comprises a FSOC transmitter 310 that
transmits a beam over free space to a receiver 320. The
receiver 320 comprises a multi-mode optical fiber 322 that
1s coupled to a noise-reduced pre-amplifier system 10 that 1s
based on the techmiques described herein and shown in
FIGS. 1 and 2. An optical receiver processor 324 1s coupled
to an output of the pre-amplifier system 10. If 10 dB of
additional power for the system 300 1s needed, the power
can be added at the transmitter 310 or at the pre-amplifier
320, or some portion at both ends of the FSOC communi-
cation link. For example, a FSOC link may require 1 Watt of
transmitter power in order to operate. The pre-amplifier
system 10 may apply 20 dB of gain to the received optical
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signal. By mmplementing the techmiques according to
embodiments of the invention described herein, the trans-
mitter 310 would only need to output 10 mW of power,
rather than 1 Watt, a savings of 99% power on the transmit
side.

Atthe receiver 320, the CW optical signal generated 1n the
pre-amplifier system 10 may, 1n one embodiment, nominally
be a factor of 100 times the receiver signal power of —45
dBm, or approximately 30 uW. With 20 dB of gain, the
power level of the CW optical signal 1s increased to 3 mW.
Thus, without the pre-amplifier system 10, the total system
optical power would be 1 W 1n this example. With the
pre-amplifier system 10, the total optical power 1s reduced to
13 mW (10 mW at the transmitter, 3 mW at the receiver), for
an overall link power savings of 987 mW, or a 98.7%
reduction 1n total power, end-to-end (not considering pos-
sible differences in efliciency for the various components).

The system and methods described herein may be embod-
ied 1n other specific forms without departing from the spirit
or essential characteristics thereof. The foregoing embodi-
ments are therefore to be considered 1n all respects illustra-
tive and not meant to be limiting.

What 1s claimed 1s:

1. A method for reducing noise in a fiber amplifier with
respect to an optical signal of interest to be amplified by the
fiber amplifier, comprising:

a. generating a broad-band continuous wave incoherent
optical signal having a bandwidth that 1s outside of the
bandwidth of the optical signal of interest;

b. combining the broad-band continuous wave incoherent
optical signal with the optical signal of interest mnto a
multi-mode optical fiber so that the broad-band con-
tinuous wave incoherent optical signal uniformly fills
substantially an entire core of the multi-mode optical
fiber; and

c. amplifying the optical signal of 1nterest and the broad-
band continuous wave incoherent optical signal in the
multi-mode optical fiber with the fiber amplifier,
wherein the broad-band continuous wave incoherent
optical signal increases generation of photos by stimu-
lation so that as many photons as possible that are
released from 1ons 1n the fiber amplifier are released by
stimulation and not by spontancous emission when a
level of the optical signal of interest 1s very low or zero.

2. The method of claim 1, wherein combining comprises
coupling the broad-band continuous wave incoherent optical
signal and the optical signal of interest to a wavelength
division multiplexer and connecting an output of the wave-
length division multiplexer to one end of the multi-mode
optical fiber and connecting another end of the multi-mode
optical fiber to an mput of the fiber amplifier.

3. The method of claim 1, and further comprising sepa-
rating the amplified signal of interest output by the fiber
amplifier from the amplified broad-band continuous wave
incoherent optical signal.

4. The method of claim 3, wherein separating comprises
coupling an output of the fiber amplifier to a wavelength
division de-multiplexer that de-multiplexes the amplified
optical signal of interest and the amplified broad-band
continuous wave incoherent optical signal.

5. The method of claim 1, wherein generating comprises
generating the broad-band continuous wave incoherent opti-
cal signal so as to have a bandwidth that 1s within an
amplification band of the fiber amplifier.

6. The method of claim 1, and wherein generating com-
prises generating the optical signal of interest with an
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6

average intensity that 1s substantially lower than an intensity
of the broad-band continuous wave incoherent optical sig-
nal.

7. A method for pre-amplifying an optical signal trans-
mitted across free space, comprising the method of claim 1,
wherein the optical signal of interest 1s a received Iree space
optical signal.

8. The method of claim 1, wherein generating comprises
generating the broad-band continuous wave incoherent opti-
cal signal with an 1ntensity such that brighter regions of the
multi-mode optical fiber are not orders of magnitude
brighter than dimmer regions in the multi-mode optical fiber.

9. The method of claim 1, wherein generating comprises
generating the optical signal of interest and the broad-band
continuous wave incoherent optical signal such that a ratio
ol intensity of brightest regions to dimmer regions in the
multi-mode optical fiber 1s between 1 and 2.

10. A fiber amplifier system comprising:

a. a broad-band continuous wave optical source that
produces a broad-band continuous wave incoherent
optical signal having a bandwidth that 1s outside the
bandwidth of an optical signal of interest;

b. a wavelength division multiplexer receiving as input
said optical signal of interest and said broad-band
continuous wave incoherent optical signal and that
combines the optical signal of interest and the broad-
band continuous wave incoherent optical signal for
output;

¢. a multi-mode optical fiber coupled to an output of the
wavelength division multiplexer to receive the com-
bined optical signal of interest and broad-band continu-
ous wave 1mcoherent optical signal such that the broad-
band continuous wave incoherent optical signal
uniformly fills substantially an entire core of the multi-
mode optical fiber; and

d. a fiber amplifier coupled to the multi-mode optical fiber
to amplity the optical signal of interest and the broad-
band continuous wave i1ncoherent optical signal,
wherein the broad-band continuous wave incoherent
optical signal increases generation of photons by stimu-
lation so that as many photons as possible that are
released from 10ns 1n the fiber amplifier are released by
stimulation and not by spontaneous emission when a
level of the optical signal of interest 1s very low or zero.

11. The system of claam 10, and further comprising a
wavelength division de-multiplexer that 1s coupled to an
output of the fiber amplifier and that separates the amplified
optical signal of interest from the amplified broad-band
continuous wave mcoherent optical signal.

12. The system of claim 10, wherein the broad-band
continuous wave optical source generates the broad-band
continuous wave incoherent optical signal so as to have a
bandwidth that 1s within an amplification band of the fiber
amplifier.

13. The system of claim 12, wherein the optical signal of
interest has an average intensity that 1s substantially lower
than an intensity of the broad-band continuous wave inco-
herent optical signal.

14. A pre-amplifier for use 1n a receiver of a free space
optical communication system, wherein the pre-amplifier
comprises the fiber amplifier system of claam 10 and
wherein the optical signal of interest 1s a recerved free space
optical signal.

15. The system of claim 10, wherein the broad-band
continuous wave light source generates the broad-band
continuous wave incoherent optical signal such that a ratio
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ol intensity of brightest regions to dimmer regions in the
multi-mode optical fiber 1s between 1 and 2.

16. A method for reducing noise produced by a fiber
amplifier by combinming into a multi-mode optical fiber an
optical signal to be amplified with a broad-band continuous
wave 1ncoherent optical signal that uniformly fills substan-
tially an entire core of the multi-mode optical fiber so that
the continuous wave optical signal increases generation of
photons by stimulation and not by spontaneous emission
when a level of the optical signal of interest 1s very low or
Zero.

17. The method of claim 16, wherein combining com-
prises combining the broad-band continuous wave incoher-
ent optical signal that has a bandwidth that 1s outside of the
bandwidth of the optical signal to be amplified.

18. The method of claim 16, wherein combining com-
prises combining the broad-band continuous wave incoher-
ent optical signal that 1s within an amplification band of the
fiber amplifier.

19. The method of claim 16, and further comprising
generating the broad-band continuous wave imncoherent opti-
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cal signal with an 1ntensity such that brighter regions of the
multi-mode optical fiber are not orders of magmtude
brighter than dimmer regions 1n the optical fiber.

20. A method for pre-amplifying an optical signal trans-
mitted across iree space, comprising the method of claim 16,
wherein the optical signal of interest 1s a recerved free space
optical signal.

21. The method of claam 16, and further comprising
generating the broad-band continuous wave incoherent opti-
cal signal with an intensity such that brighter regions of the
multi-mode optical fiber are not orders of magnitude
brighter than dimmer regions in the multi-mode optical fiber.

22. The method of claim 16, wherein generating com-
prises generating the optical signal of interest and the
broad-band continuous wave icoherent optical signal such
that a ratio ol intensity of brightest regions to dimmer
regions 1n the multi-mode optical fiber 1s between 1 and 2.
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